Secondary substrate utilization of methylene chloride was analyzed by using Pseudomonas sp. strain LP. Both batch and continuously fed reactors demonstrated that this strain was capable of simultaneously consuming two substrates at different concentrations: the primary substrate at the higher concentration (milligrams per liter) and the secondary substrate at the lower concentration (micrograms per liter). The rate of methylene chloride utilization at trace concentrations was greater in the presence of the primary substrate, acetate, than without it. However, when the substrate roles were changed, the acetate secondary substrate utilization rate was less when methylene chloride was present. Thus, substrate interactions are important in the kinetics of secondary substrate utilization. Pseiudomonas sp. strain LP showed a preference toward degrading methylene chloride over acetate, whether it was the primary or secondary substrate, providing it was below an inhibitory concentration of ca. 10 mg/liter.
ene chloride per liter (14) . Due to the versatility of methylene chloride and its high solubility in water (20 g/liter at 20°C), it is found in many aqueous environments (23) .
Methylene chloride has been suspected of being carcinogenic because of positive responses in the Ames test (9) . Stewart et al. (21) reported elevated carboxyhemoglobin levels in humans exposed to dihalomethane vapors.
The ability of microorganisms to degrade xenobiotic organic compounds when present at low concentrations typical of those in the environment is open to question. Organism growth rate is a function of substrate concentration. At sufficiently low concentrations, the organism growth rate may be exceeded by the organism decay rate so that no net growth can occur (1, 3, 11) . The concentration at which growth is just balanced by decay is termed the minimum substrate concentration (Smin) (17, 18) . It has been postulated (12, 19) that bacteria can, however, consume a xenobiotic compound at low concentrations if the population is supported through energy obtained from another substrate that is present in concentrations above its Smin level. The compound at high concentration is termed the primary substrate, and that at low concentration is termed the secondary substrate (12, 19) . A corollary concept is that both the primary and secondary substrates can be used simultaneously. The purpose of this study was to evaluate this concept with a pure culture that is capable of using either methylene chloride or acetate as primary substrates for growth.
Although methylene chloride is ubiquitous in the environment, little is known about its biodegradation at trace concentrations. Rittmann ever, their study employed mixed cultures; therefore, the possibility exists that one species was responsible for utilizing the primary substrate and another was responsible for the simultaneous degradation of the secondary substrate that occurred. Confirmation of this finding with a pure culture was deemed desirable. Use of methylene chloride as one of the substrates was thought to be acceptable for this evaluation since both Stucki et al. (22) and Brunner et al. (4) isolated bacteria that were capable of utilizing methylene chloride at high concentrations (>10 mg/liter).
MATERIALS AND METHODS
Chemicals and radioisotopes. Reagent-grade methylene chloride and sodium [2-14C] (7, 13) . With concentrations greater than 100 ,ug/liter, a 1-ml sample was injected into a 0.5-dram (ca. 1.85-ml) vial; 0.1 ml of octane was added, and the vial was capped and shaken vigorously for 1 min (15) . After phase separation, 5 RI of the octane phase was injected into a column (height, 2 m; inside diameter, 4 mm) packed with 10% squalane on Chromosorb W/AW (80-100 mesh) at 67°C.
Argon-methane was used as carrier gas, and a linearized 63Ni detector (Tracor Instruments, Austin, Tex.) with a Sigma 10 reporting integrator (The Perkin-Elmer Corp., Norwalk, Conn.) was used for detection and quantification. With concentrations of less than 10 ,ug/liter, pentane extraction was employed (7) . Pentane (1 ml) was directly injected into the 60-ml vial and vigorously shaken for 15 min, and 5 [lI of the pentane phase was used for gas chromatography analysis.
(ii) Acetate measurement. Acetate concentration was measured with sodium [2-14C]acetate (2) . Samples were filtered through a 0.45-pum membrane filter. The filtrate (1 ml) was added to a glass scintillation vial acidified with ca. 0.1 ml of concentrated HCl and subsequently bubbled with nitrogen for 5 min to remove CO2. ACS scintillation fluid (10 ml; Amersham Corp., Arlington Heights, Ill.) was added, and the sample was counted in a Packard Tri-Carb model 3330 liquid scintillation spectrometer (Parkard Instrument Co., Inc., Downers Grove, Ill.). Quench corrections were made by the channel ratio method (2) . Since the counting variation was less than 1%, the analytical standard deviation was determined only by the sampling error. When a 1-ml syringe was used, it was ca. +5%.
(iii) Bacterial counts. The epifluorescent method described chloride. The initial dissolved oxygen concentration was 8 to 9 mg/liter and was sufficient to maintain aerobic conditions throughout the incubation period. The hypovials were, except for the controls, inoculated equally with bacteria from a liquid culture and incubated at 23°C on a reciprocating shaker at 175 rpm. The controls served to monitor a possible evasion of methylene chloride through the Teflon seals. With this experimental setup, no loss of methylene chloride was observed. Increasing acetate concentrations up to 1 mg/liter were stimulatory for methylene chloride removal (Fig. 1) . Pseudomonas sp. strain LP was able to utilize methylene chloride and acetate simultaneously, even at initial methylene chloride concentrations as low as 10 ,ug/liter (Fig. 2) . Up to 1 mg of methylene chloride per liter was used preferentially by the organism (Fig. 3) . However, at higher concentra- tions (up to 5 mg of methylene chloride per liter), a preference of one substrate over another was found to be less clear.
When methylene chloride became the primary substrate and acetate became the secondary substrate, the acetate utilization rate was less than that of methylene chloride (Fig.  4) . Also, acetate utilization was greater in the absence of methylene chloride. The apparent behavior of the organism toward acetate as secondary substrate was opposite to that found when methylene chloride served as the secondary substrate. Pseudomonas sp. strain LP showed a preference toward degrading methylene chloride over acetate when both substrates were present. Figure 5 shows the increase in bacterial numbers as a function of initial methylene chloride concentrations of 20 (12, 19) that the presence of a primary substrate (acetate) facilitated the breakdown of methylene chloride at trace concentration, two continuously fed biofilm reactors were established (Fig. 6 ). Serving as reactors were 25-ml Pyrex glass syringes containing 3-mm glass beads at 23°C. The reactor syringes, the 100-ml glass influent-containing syringes of the syringe pump (Beckman Instruments Altex, Berkeley, Calif.), the 3-mm glass beads, and all Teflon tubing were sterilized by autoclaving. Each time new medium was added, both the 100-ml syringes and Teflon tubing were sterilized by autoclaving. The porosity by water displacement was 33%.
Each flow rate reported was maintained for at least 1 week after biofilm development. Three reservoir volumes were allowed to pass through the effluent reservoir before sampling.
The reactors were inoculated with Pseudomonas sp. strain LP (10 ,uglliter) and acetate (1 mg/liter). After 3 weeks, steady state was reached, and the bacterial film was visible in the first 10 ml of the syringe. The biofilm was most dense at the inlet and became gradually more faint toward the outlet. With these columns, the removal of methylene chloride and acetate at various detention times was tested (case 1). The results are summarized in Fig. 7 . The percentage of removal of methylene chloride was consistently higher in reactor 2 with acetate than in reactor 1 without acetate over all detention times (0.1 to 4.5 h). Sitnilar to the batch experiments, methylene chloride was also found to be removed more rapidly than acetate.
To determine whether the more efficient removal of methylene chloride in reactor 2 was the result of the higher number of bacteria in this column, the feed solutions to the two reactors were switched, and the degradation of the two organic substrates was followed again at various detention times (case 2; Fig. 8 This study has demonstrated through batch-and continuous-feed column studies that a pure culture was capable of using a xenobiotic substrate in trace concentration in the presence of a common substrate in relatively high concentrations that served as the primary substrate for growth and maintenance. This finding has significant implications with respect to the fate of hazardous chemicals in the environment, especially with respect to contaminated groundwaters where processes for transforming compounds are limited. It helps to elucidate the environmental factors that affect the rate of biotransformation and may help to suggest methods to enhance biotransformation when this is thought to be desirable.
